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Shigella flexneri and other invasive bacteria rupture the phagosome membrane and escape to the host cyto-
plasm. Now, Dupont et al. address the fate and signaling functions of pathogen vacuole remnants and show
that these membrane fragments trigger host-cell-signaling responses, including polyubiquitination, auto-
phagy, and pyroptosis.Most intracellular pathogens formcustom-
tailored vacuoles in the host cells, wherein
they replicate. A few invasive bacteria,
including Gram-negative Shigella flexneri
and Gram-positive Listeria monocyto-
genes, lyse the phagosome shortly after
uptake and replicate in the host cell cyto-
plasm. Escaping the phagosome obvi-
ously represents an efficient strategy to
avoid degradation by the bactericidal
endocyticpathwayandtoreachanutrition-
ally rich cellular compartment. However,
depending on the cell type and activation
state, the host cell cytoplasm also repre-
sents a perilous environment for the
bacteria. The cytoplasm may harbor
antimicrobial compounds and is under
surveillance of the innate immune system,
which responds to the presence of intra-
cellular bacteria with cytokine production,
autophagy, and different forms of pro-
grammed cell death.
Cytoplasmic ‘‘pattern recognition recep-
tors’’ (PRRs), such as the nucleotide-
binding oligomerization domain (NOD)-
like receptors (NLRs), recognize essential
and evolutionarily conserved microbial
determinants termed ‘‘pathogen-associ-
ated molecular patterns’’ (PAMPs). Upon
ligand engagement, NLR sensors activate
the cysteine protease caspase-1 in oligo-
meric ‘‘inflammasome’’ complexes, which
then proteolytically process proinflamma-
tory cytokines, including interleukin (IL)-1b
(Martinon et al., 2009). Inflammasome
activation by PAMPs can also trigger ‘‘py-
roptosis,’’ a specific form of programmed
cell death that is dependent on inflamma-
some components. In addition, eukaryotic
cells respond to the presence of PAMPs
with ‘‘autophagy,’’ a lysosome-dependent
pathway by which the cell sequesters and
degrades damaged or obsolete organelles102 Cell Host & Microbe 6, August 20, 2009and proteins in double-membrane auto-
phagosomes thatmature toautolysosomes
(Deretic and Levine, 2009). Pyroptosis and
autophagy seem to be linked inversely,
given that, in the absence of caspase-1 or
the NLR IPAF, autophagy is dramatically
increased upon infection with S. flexneri
(Suzuki et al., 2007).
NLRs are also triggered by ‘‘danger-
associated molecular patterns’’ (DAMPs),
i.e., host entities produced, released, or
exposed in response to cellular damage
or stress. DAMPs include ATP, reactive
oxygen species (ROS), sodium urate and
other (xenobiotic) crystalline particles, as
well as the loss of cell integrity (potassium
efflux). Phagosome membrane fragments
may represent another DAMP eliciting an
innate immune response. Accordingly,
damaged vacuoles harboring Salmonella
enterica Typhimurium trigger autophagy,
which controls the bacterial infection
(Birmingham et al., 2006). In this issue of
Cell Host & Microbe, Dupont et al. (2009)
provide evidence that phagosome mem-
brane fragments generated by S. flexneri
represent a DAMP, which is recognized
by the innate immune system. In turn, the
innate immune system responds by cyto-
kine production, autophagy, and pyropto-
sis (Figure 1).
The invasive enteropathogenic bacte-
rium S. flexneri is the causative agent of
bacillary dysentery, a painful diarrhea
characterized by a massive inflammation
of the colonic mucosa (Phalipon and San-
sonetti, 2007; Schroeder and Hilbi, 2008).
The acute inflammation is triggered by
S. flexneri PAMPs, which promote the
production of IL-8 by epithelial cells
through activating the transcription factor
NF-kB, as well as the release of mature
IL-1b from infectedmacrophages throughª2009 Elsevier Inc.activating caspase-1 in inflammasomes.
Proinflammatory PAMPs of S. flexneri in-
clude muropeptides (MPs) derived from
cell wall peptidoglycan. The MPs meso-
diaminopimelic acid or muramyl dipep-
tides (MDPs) are recognized by the
cytoplasmic NRLs NOD1 or NOD2, re-
spectively, leading to the activation of
MAP kinases and NF-kB. MDPs also may
activate caspase-1 and IL-1b through an
inflammasomecontaining theNLRNALP3,
and an unknown S. flexneri PAMP (not
flagellin, as in other Gram-negative bac-
teria) activates an inflammasome contain-
ing the NLR IPAF (Martinon et al., 2009;
Phalipon and Sansonetti, 2007; Suzuki
et al., 2007).
To modulate (dampen) inflammation,
S. flexneri employs a type III secretion
system (T3SS) and an array of translo-
cated effector proteins that target specific
inflammatory pathways (Ogawa et al.,
2008). The T3SS and the translocated
effector proteins are encoded on a large,
214 kb virulence plasmid. Immunomodu-
latory T3SS substrates include the trans-
membrane translocon component IpaB
(binds caspase-1), the phosphothreonine
lyase OspF (dephosphorylates and in-
hibits MAP kinases), the protein serine/
threonine kinase OspG (binds E2 ubiqui-
tin-conjugating enzymes, thus preventing
NF-kB activation), the IpaH family of E3
ubiquitin ligases (suppress innate immune
responses), and IcsB (promotes avoid-
ance of autophagy).
Dependent on the T3SS, S. flexneri also
triggers its uptakebyepithelial cells, inflicts
membrane damage, and promotes lysis
of the pathogen phagosome. While the
mechanism of T3SS-dependent uptake
of S. flexneri is well understood (Ogawa
et al., 2008; Phalipon and Sansonetti,
Cell Host & Microbe
Previews2007; Schroeder and Hilbi,
2008), the fate and signaling
functions of the phagosome
membrane fragments have
not beenstudied. In this issue,
Dupont et al. (2009) now ad-
dress these questions. Using
the host cell lectin galectin-3
as amarker for themembrane
remnants produced upon
phagosome lysis, confocal
immunofluorescence micro-
scopy and immunogold-elec-
tron microscopy revealed
that polyubiquitinated pro-
teins decorate the membrane
fragments produced by
S. flexneri in HeLa epithelial
cells, as well as in J774
macrophages. Similarly, poly-
ubiquitinated proteins were
identified on membrane
remnants produced by
L. monocytogenes, but not
on macrophage phagosomes
harboring a noninvasive, viru-
lence plasmid-cured S. flex-
neri strain.
The decoration of the phag-
osome membrane remnants
with ubiquitin suggested that
these fragments are targeted
to destructive pathways. In-
deed, dependent on the ubiquitinylation
of vacuole fragments, the autophagy
marker Atg8/LC3 was recruited to galec-
tin-3-positive membrane fragments in
S. flexneri-infected cells, indicating that
ubiquitinylation was required for targeting
themembrane remnants to the autophagy
pathway. The LC3 protein was proteo-
lytically processed, suggesting that
autophagy was activated and proceeds
productively in infected cells. Moreover,
a functional autophagy pathway was
required for the recruitment of LC3 to the
membrane fragments, given that the
protein was not recruited in autophagy-
defective atg5/ mouse embryonic
fibroblasts. Another ubiquitin-dependent
degradative pathway involves the scaffold
protein p62 (sequestosome 1, SQSTM1).
P62 targets substrates to the proteasome,
is involved in autophagy, and plays a role
for signaling through NF-kB (Moscat
et al., 2007). Dependent on the ubiquitiny-
lation of vacuole fragments, p62 was
found to colocalize not only with LC3 on
galectin-3-positive membrane fragments
in S. flexneri-infected cells, but also with
components of NF-kB-signaling path-
ways (TRAF6, NEMO, NOD1). These
results establisheda linkbetweenubiquiti-
nylation, autophagy, and NF-kB-depen-
dent inflammation.
To further study the relationship
between autophagy and proinflammatory
signaling, Dupont et al. (2009) modulated
autophagy and assessed the cytokine
response by S. flexneri-infected cells.
Upon inhibition of autophagy, polyubiqui-
tinated proteins and p62 accumulated on
membrane remnants in infected cells,
and the NF-kB-dependent production of
the chemokines IL-8 and CXCL-2 was
increased. In agreement with an inverse
correlation between autophagy and in-
flammation, epithelial cells infected with
an S. flexneri icsBmutant strain (defective
for autophagy avoidance) produced less
IL-8. Along the same line, inhibition of
autophagy in infected epithelial cells pro-
duced slightly higher amounts of propyr-
optotic ROS and more severely reduced
themitochondrial inner-membrane poten-
tial. These results suggest
that autophagy acts as an
anti-inflammatory andprosur-
vival pathway during bacterial
infection.
The NLR IPAF and the
adaptor ASC modulate cas-
pase-1 activation in macro-
phages infected with S. flex-
neri; in contrast, only IPAF is
indispensable to induce py-
roptosis and autophagy (Mar-
tinon et al., 2009; Suzuki et al.,
2007). Furthermore, choles-
terol is required to activate
caspase-1 and pyroptosis
after the escape of S. flexneri
from macrophage phago-
somes (Schroeder and Hilbi,
2006), and the cholesterol-
binding effector IpaB specifi-
cally binds caspase-1
(Schroeder and Hilbi, 2008).
Accordingly, Dupont et al.
(2009) identified cholesterol,
IPAF, ASC, and caspase-1,
as well as the NLR NALP3
on phagosome membrane
remnants in S. flexneri-in-
fected epithelial cells. Cas-
pase-1 was activated only
at later stages of infection
(>5 hr postinfection [p.i.]), in
agreement with a relative insensitivity of
epithelial cells toward S. flexneri-triggered
cell death compared to macrophages.
Upon prolonged infection (>10 hr p.i.),
a significant portion of epithelial cells
underwent pyroptotic death, i.e., the cell
stained double-positive for active cas-
pase-1 and propidium iodide. Finally, inhi-
bition of autophagy led to anaccumulation
of IpaB and active caspase-1, and the
number of pyroptotic cells increased.
These findings confirman inverse relation-
ship between autophagy and signaling
events involving inflammasomes on phag-
osome membrane fragments.
In summary, the study by Dupont et al.
(2009) indicates that phagosome mem-
brane remnants produced by S. flexneri
escaping into the host cytoplasm are
destined for degradation via the LC3-
and p62-mediated autophagy pathways.
Importantly, the study suggests that these
membrane fragments might also act as
DAMPs, and thus, this work establishes
the concept of immunologically active
membrane fragments, which form a
Figure 1. S. flexneri Pathogen Vacuole Membrane Remnants
Represent a DAMP
The phagosome membrane fragments produced by S. flexneri upon escape
into the host cytoplasm act as signaling platforms and are targeted to the
autophagy pathway. By means of the T3SS-translocated effector protein
IcsB, cytoplasmic S. flexneri avoids autophagy. The phagosome remnants
harbor ubiquitinylated proteins (Ub; e.g., TRAF6) and bind the autophagy
protein Atg8/LC3 aswell as the scaffold protein p62. Themembrane fragments
activate proinflammatory signaling through components of the NF-kBpathway
(TRAF6, NEMO, NOD1) or through activation of inflammasomes (NALP3, IPAF,
ASC, caspase-1). Furthermore, pyroptotic cell death is triggered by PAMPs or
ROS through the activation of inflammasomes.Cell Host & Microbe 6, August 20, 2009 ª2009 Elsevier Inc. 103
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cytokines, induction of autophagy, and
promotion of pyroptosis. Functional data
suggest that the membrane fragments
indeed play a major role in the regulation
of the cell response to bacterial infection,
rather than just participate coincidentally
in the process. However, because S. flex-
neri modulates inflammation also directly
by PAMPs and T3SS-translocated effec-
tor proteins, it will be difficult to dissect
the relative contribution to the process
from either phagosome membrane frag-
ments or the bacteria. Along the same
line, future studies will have to address
the relevance of membrane-remnant-A Gut Feeling for M
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We do not live in a sterile environme
biota. Benson et al. (2009) suggest
immune system up and running in re
The opportunistic protozoan pathogen
Toxoplasma gondii is well known for its
ability to infect a vast range of host
species to establish long-term chronic
infection. Natural infections are initiated
through oral ingestion of infectious tissue
cysts or oocysts shed by cats. Work
spanning the last two decades has estab-
lished that this parasite triggers robust
protective immunity dominated by early
IL-12 responses from the innate immune
system followed by emergence of IFNg-
secreting Th1 T cells and CD8+ T lympho-
cytes. These responses are necessary for
the host to survive onslaught of this
potentially dangerous pathogen, and they
are also necessary for the parasite if it is to
keep its host alive long enough to estab-
lish stable latent infection that maximizes
the chances of host-to-host transmis-
sion. Yet T. gondii must avoid eliciting an
overly strong proinflammatory response,
104 Cell Host & Microbe 6, August 20, 2009dependent signaling for pathogenesis of
S. flexneri in vivo.
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Signaling through Toll-like receptors
(TLRs) and the common TLR adaptor mol-
ecule MyD88 is crucial to surviving Toxo-
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Scanga et al., 2002). Studies by Yarovin-
sky and Alan Sher at the National Insti-
tutes of Health had earlier identified a
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sponses through interaction with TLR11
(Yarovinsky et al., 2005). The TgPRF
molecule was additionally suggested to
be a major immunodominant antigen by
virtue of its ability to simultaneously acti-
vate dendritic cells (DCs) and be pro-
cessed and presented to T lymphocytes
by the same DC population (Yarovinsky
et al., 2006). These studies were con-
ducted in mice that were infected by
